INTRODUCTION
Recently, many laboratories have been concerned with the development of profile analysis methods for poly~ nuclear aromatic hydrocarbons (P AH) of cigarette smoke condensate {CSC) (1.~4). Generally, these methods have employed several partitioning steps to remove materials which would interfere in the gas chromato~ graphic (GC) analysis for the PAH. However, solvent partitioning affects the quantitative recoveries of the individual and total PAH. Substantial differences in partition coefficients between various organic solvents have been reported for P AH, especially methylated PAH (5). Another disadvantage has been the increased possibility of oxidation of some of the P AH during extended partitioning times (5). Recent work in this laboratory on the isolation and identification of P AH has resulted in a gel 6ltration method {6, 7), which, with improvements on previous techniques, has eliminated these solvent partitioning steps. The developed gel filtration~GC technique is described and its advantages for the quantitative analysis of PAH from various CSC are detailed. Various cigarette brands can now be compared on the basis of their smoke P AH contents in a manner similar to the established tar and nicotine analyses.
METHODS AND MATERIALS

Cigarette Smoke Condensate (CSC) Preparation
The University of Kentud<y cigarettes, type 1.R1. (8); commercial, 85 mm nonfilter; and commercial 85 mm filter cigarettes were smoked to a 30 nun butt length on a 30-port Borgwaldt** smoking machine. The cigarettes were preconditioned at 6o 0 /o relative humidity for 48 h and smoked under standard conditions: 1. puff/min, 2-second duration, and a puff volume of 35 ml {9, 10). Condensate from 9o-1.20 cigarettes was collected in two dry ice-cooled traps, the last one containing a glass wool plug. The glass connecting lines in the trapping system were washed into the traps, alternately, with methanol (M) and benzene (B). The traps were warmed to room temperature and the CSC was quantitatively washed Into a separatory funnel with 1.00, 200, and 1:00 ml of M, B, and ethyl ether (E), respectively. All solvents used were Burdid< and Jad<son Laboratories glass-distilled type.
CSC Fractionation and Chromatography
The total M~B-E mixture was washed in the separatory funnel with three 200 ml volumes of glass-distilled water. The aqueous portions were cross extracted with B:E (1:1, vfv, 3 X 50 ml). After reduction of the organic solution to about :too ml on a rotary evaporator (40° C), 20 g of silicic acid (:too mesh, Mallind<rodt, washed with nanograde M and dried in a forced air oven at 1.50° C for 18 h) and 50 ml of iso-octane were added to the organic solubles. The residual B and E were removed on a rotary evaporator (40° C), being displaced from the silicic acid (SA) by the iso-octane. The iso-octane sample-SA slurry was added to the top of a :too g SA column, 3 X 35 an, {prepared as a slurry in petroleum ether (PE)] with 2oo ml of PE. The column was eluted with 1. I of PE. The flask that contained the sample-coated SA was rinsed with a 1.00 ml portion of a B:PE (1:3, vfv) solvent and the rinsings poured onto the column. The column was eluted with 1. I of B:PE (1:3, vfv) to give fraction B-PE. The SA column was operated at a pressure of 8-1.0 psi of nitrogen. The solvent &om fraction B-PE was removed on a rotary evaporator, and the residue transferred quantitatively to a 1. ml volumetric flask.
Gel Filtration (GF) System
Samples of fraction B-PE were fractionated on a GF system consisting of four 1.25 X "109 an Chromatronix LC columns connected in series and pad<ed with BioBeads SX-1.2 (a neutral, porous, styrene-divinylbenzene copolymer, M. exclusion 400, Bio-Rad Laboratories) in B. Total length of the wet gel bed was 400 an (approximately 200 g of dry beads). Samples in B were DOI: 10.2478/cttr-2013-0389
placed on the column with a 0.9 ml injection loop. The eluting solvent, B, was pumped by a Chromatronix CMP-3 pump at a flow rate of 1.20 ml/h; 8 ml fractions were collected. Column effluent was monitored with an Isco Model UA5 detector (280 nm), equipped with an 8 J.tl flow cell. Sixty 8 ml fractions were collected by an automatic fraction collector. Fractions that were collected beginning with the elution of 2-methylfluorene and ending after the methylbenzopyrenes (GF fractions 39-60) were combined to yield the PAH-enriched fraction. This fraction was reduced in volume to about 1. ml on a rotary evaporator and quantitatively transferred to a tapered test tube. The solvent was removed under a stream of nitrogen, and the residue immediately redissolved in 50 J.tl of B, in preparation for gas . chromatography.
Gas Chromatography (GC)
The PAH-enriched fraction (GF fractions 39-60) was analyzed on a 1.5 ft. X 1./8 in. stainless steel column, containing 3 °/o Dexsil 300 GC on 1.oo/1.2o mesh GasChrom P. The solid support was coated by the evaporative method and the column was filled by the gravityvertical drop method and coiled after packing (u). The column was conditioned by programming from room temperature to 325° Cat 2°/min, held at 325° C for 8 h, and finally at 350° C for 1. h. A molecular sieve filter, followed by an oxygen trap, was used on the carrier gas line to extend column life. Chromatographic conditions were: oven temperature at 90° C for 5 min, then programmed at 2°/min to 325° C, and held at 325° C for 30 min. Injection port and detector were at 290° and 350° C, respectively. Helium flow rate was 48 mV min, measured at room temperature. GC analyses were obtained on a Hewlett-Packard Model 5750 flame ionization gas chromatograph. Peak areas were measured by an Autolab Systems IV integrator. The PAH were identified by GC retention time, UV, and mass spectra (7).
PAH Recovery Study
The recovery of carbon-1.4 labeled benzo(a)pyrene ( 14 CBaP) and 1 4 C-anthracene was monitored by standard liquid scintillation counting techniques. A ~·798 J.tg sample of 14 C-BaP (activity: 1.45,265 dpm) in B was added to the CSC solution (contained in a separatory funnel) from 90 1.R1. cigarettes. The CSC was fractionated as described above, and recovery of 14C-BaP determined at various steps in the procedure. Similarly, a 1.1..1.7 mg sample of 14 C-anthracene (activity: 97,648 dpm) was added to the CSC of 90 1.R1. cigarettes and its recovery was determined.
RESULTS AND DISCUSSION
In developing a rapid, quantitative method for the analysis of PAH in smoke, our objectives were that: it should be quantitative, reproducible, applicable for rapid P AH screening from different sources of CSC, and applicable to both large and small amounts of CSC. The starting point was the general scheme that is employed for the preparation of bioassay fractions, an abbreviated version of which is shown in Fig. 1. (1.2) . In this procedure, the neutrals from the CSC were placed on a silicic acid column, eluted with PE to remove the waxes (13), and then with B-PE, which eluted neutrals that also contained the P AH. The B-PE fraction (F-BPE) was then partitioned between dimethylsulfoxide (DMSO) and cyclohexane to yield the DMSOsoluble, FAH-containing fraction (F-zo), which represented about 0.32 Ofo by weight of the crude condensate, Gel filtration system. This resulted in a P AH-enriched fraction that was essentially similar to that obtained from F-20, but even more concentrated in PAH (7). More importantly, we observed that some components, assumed and later confirmed to be methylated-PAH, did increase in relative concentration.
It was also desirable to replace or eliminate the acidbase extractions of the original CSC. We found that a simple water extraction of the total CSC, dissolved in aB-M-E mixture, removed large quantities of material. Based on CSC from go 1R1 cigarettes, about 52 Ofo by weight of CSC was removed by water. Also, the elimination of the acid-base extraction steps halved the extraction time. The organic solubles could then be chromatographed on silicic acid. The only complication was the presence of B in the fraction, as the B would cause the early elution of the P AH with the waxes on SA chromatography. This problem was overcome by the displacement of the B, upon solvent removal, by higher boiling iso-octane. The resulting CSC organic solubles-SA slurry was suitable for column chromatography. Elution of the SA column with B-PE yielded P AB-containing fraction B-PE, which was similar to that obtained from CSC neutrals. This fraction was then analyzed by analytical GF chromatography on the four-column system shown in Fig. 2 . Fraction B-PE was dissolved in B, placed in the injection loop, and automatically pumped onto the gel columns. The eluate passed through a UV monitor and was collected in 8 ml fractions. Figure 3 shows a typical UV trace (the solid line) of the effluent from the gel column. The early eluting materials are the high-molecular weight components, which are not fractionated by the gel. The P AH elute at the end of the components being resolved by the gel. One of the earliest eluting major PAH was 2-methylfluorene (dashed line, Fig. 3 ), and its elution volume was used to define the beginning of the elution of the P AH-enriched fraction. The end of the P AH elution was determined by the use of a portable UV light. In Gas chromatogram of PAH constituents In five 1R1 and eight commercial nonfllter cigarettes. Ofo and 95 °/o of the radioactivity was recovered in the P AH-enriched fraction. Considering the small amount of material and experimental errors in counting, the recovery was assumed to be quantitative. The P AH were finally separated and identified by GC on the high temperature-stable phase, Dexsil 300 GC. Identifications were established or confirmed by UV and mass spectra (7). Thus, the next objective was to evaluate the reproducibility of the GC techniques. An example of. the reproducibility of the GC analyses of the still complicated P AH-fraction of 1.R1 CSC is shown in Table 2 . The numbers are based on peak areas relative to pyrene. The first two columns show the data from duplicate GC analyses of the same sample of 1.R1. P AH isolate. For this sample, the GC data were very reproducible and consistent. However, from sample to sample, variation in the low molecular weight P AH, i.e., naphthalene through fluorene, was observed. This variation in areas ratios of these components was due to the fact that these materials are volatile and are readily lost during evaporation of the PAH-enriched fraction to volumes suitable for GC analysis. Thus, for small amounts of condensate, quantitative results for P AH smaller than phenanthrene can only be obtained by applying special techniques and precautions to minimize losses. From the examples in Table 2 , some typical problems with GC analyses of P AH, using packed columns, became apparent. The inability to separate 1.,2-benzanthracene from chrysene and triphenylene and benzo(e)pyrene (BeP) from BaP is evident. The method was subsequently used to determine the P AH profiles of commercial filter and nonfilter cigarettes. Data on some of the major P AH in the 1.R1. and commercial cigarettes are presented in Table 3· Consider- Fig. 5 represent the amount of P AH calculated to be present in five 1.R1. and in eight commercial nonfilter cigarettes. As indicated, the-chromatograms have been subdivided into several sections: i.e., the naphthalene fraction, all components eluting before fluorene; the fluorene fraction, containing fluorene and methylfluorenes; the phenanthrene frac- . GC peak area of Individual PAH relat1ve areas -GC peak area of pyrene tion, containing phenanthrene, methyl-, dimethyl-, and trimethylphenanthrenes and anthracenes, and fluoranthene. The chromatogram for the nonfilter CSC illustrates the possible losses of the lower P AH that occurred due to differences in solvent evaporation methods, i.e., before special care was taken in solvent reductions. Essentially the same pattern for both types of cigarettes was observed in the phenanthrene fraction. The remainder of the profile chromatogram is shown in Fig. 6 . The P AH contents equivalent to five 1R1, eight commercial nonfilter, and eleven commercial filter cigarettes are compared. The first segment, the pyrene fraction, consisted of pyrene, the trimethylphenanthrenes and anthracenes, the benzofluorenes, the methyl-and dimethylfluoranthenes and pyrenes. The chrysene fraction contained the unresolved 1,2-benzanthracene, chrysene and triphenylene peak, the trimethylpyrenes, the methyl-and dimethylchrysenes, methylbenzanthracene, and other compounds. The benzofluoranthenes and the unresolved BeP and BaP and their methyl derivatives were the major P AH in the benzopyrene fraction. The last group, containing the very high molecular weight P AH, was the dibenzphenanthrenedibenzanthracene fraction. A complete listing of the relative peak areas and component identification is given in Table 4· The quantitative amounts of the P AH in jlg per 100 cigarettes could be calculated from the GC data. This has been done for several of the representative P AH in the cigarettes (Table 5 ).
(The values were obtained by applying detector response corrections, based on standard detector response per jlg data.) In all cases, the 1R1 cigarettes contained the largest amount of P AH in the CSC per 100 cigarettes. For example, the BeP/ BaP content per 100 cigarettes decreased from 2 !lg in the 1R1 to the 0.5 level in the commercial filter cigarette. Similar decreases were found for the other compounds. In order to determine if this decrease in P AH formation was due to a decrease in CSC per cigarette, the yields of condensate from the three types of cigarettes were determined. Table 6 lists the yields of CSC based on the recovery of condensate from the dry ice traps with acetone and solvent removal on a rotary evaporator to constant weight. The 1R1 cigarettes yielded 30.4 mg, the commercial nonfilter a little less, and the commercial filter cigarettes 11.9 mg CSC per cigarette. From these yields, the percentages of the various P AH in the original CSC could be calculated (Table 7) . For the 1R1 and the commercial nonfilter cigarettes, approximately the same percentage for each of the selected P AH was obtained. However, for the commercial filter cigarettes, there was a reduction in the overall percent content of the P AH. The filter may have reduced the amount of the condensate and the overall content of the P AH in the CSC; or else, the tobacco composition of the cigarettes was different from the nonfilter cigarettes.
In conclusion, a method for the successful analysis of P AH in CSC has been developed that possesses the following advantages: [1] it is quantitative for PAH above phenanthrene in small quantities of CSC and for all PAH in large quantities of CSC, [2] it is reproducible, [3] it can be used for rapid PAH screening of various sources of condensate, and [4] it can be used with condensate fractions obtained by the acid-base fractionation or by the water-extraction procedure.
SUMMARY
A four-step method has been described for the quantitative analysis of polynuclear aromatic hydrocarbons (PAH) in smoke condensate from 90 or more cigarettes.
It involves the extraction of condensate solution with water, silicic acid and gel filtration chromatography, then separation and quantitation by gas d\romatography. Individual P AH or total P AH profiles of condensates from different cigarettes can now be compared. The method was applied to reference, commercial nonfilter, and commercial filter cigarettes. The details and advantages of the method are elaborated. 
